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T
he 6XXX series aluminum alloys (Al-Mg-Si-Cu based) 
whose main strengthening phases are Mg2Si are widely 
applied in the automotive and construction industries, due to 
their favorable corrosion resistance, weldability, low scrap 
compatibility and low cost 
[1]. In addition, with the development 
of the aluminum alloys industry, the requirements for Al-Mg-
Si-Cu alloys with high strength and excellent plasticity have 
become more urgent. Thus, extensive studies 
[2-3] on the design 
of alloy composition and processing technology for these alloys 
have been carried out. To add some trace elements such as V, 
Cr and Zr is a good method of modifying the microstructures 
[4] and then enhance the mechanical strength of the alloy. The 
high density and high thermal stability of these elements have 
great impacts on the recovery, re-crystallization and grain 
growth of the alloy 
[5] and may even act as nucleation sites for 
the precipitation of the strengthening precipitates. 
In recent years, a new Al-Mg-Si-Cu-Cr-V alloy with 
composition ranges of 0.6wt.% to 1.2wt.% Si, 1.2wt.% to 1.6wt.% 
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Mg and 0.55wt.% to 1.00wt.% Cu and the minor additions of V 
and Cr, has been investigated. Its extrusion-T6 state alloys possess 
both high strength and good plasticity 
[6]. However, according to 
experimental results, the microstructures of these extrusion-T6 
alloys still show large amounts of re-crystallization after being 
extruded or heat treated; and the improvement in mechanical 
strength is limited. 
Manganese is another effective element which can influence 
the re-crystallization behavior of the Al-Mg-Si-Cu alloys
 [7]. 
But some research 
[8] has mentioned that the amounts of coarse 
secondary phases would increase significantly with too much 
Mn addition amount and result in a rapid deterioration of the 
alloys’ performances in both the Al-Zn-Mg alloys and the ingot 
of Al-Mg-Si-Fe alloys. But few studies are concentrated on the 
influence of Mn on the microstructures and mechanical properties 
of the Al-Mg-Si-Cu alloy, especially after hot extrusion and solid 
solution treatment. This paper studied the effect of Mn addition on 
microstructures and mechanical properties of the Al-Mg-Si-Cu-
Cr-V alloy in different states (as-cast, extruded, extrusion+T6). 
These results can provide experimental evidence and a basis for 
the study of high strength 6XXX series aluminum alloys. 
1 Experimental procedure
The nominal composition of the base alloy used in this study CHINA FOUNDRY
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2 Results and discussion
2.1 Effect of Mn contents on as-cast 
microstructure of Al-Mg-Si-Cu-Cr-V alloy
The as-cast microstructure of the Al-Mg-Si-Cu-Cr-V alloy 
without Mn addition is shown in Fig. 1. It indicates that the as-
cast microstructure of the base alloy is characterized by coarse 
dendritic grains. Figure 2 shows the as-cast microstructures of 
the Al-Mg-Si-Cu-Cr-V alloys with different Mn additions. The 
dependence of the as-cast grain size on Mn content can be seen 
clearly from Figs. 2(a) to (c) and Figs. 2(g) to (i). The grain size 
in the as-cast microstructure decreases at first and then increases 
with an increase in Mn content. The smallest grains can be 
observed in Fig. 2(b) when the Mn content is 0.2wt.%, and 
almost all the grains have changed from dendritic into equiaxed 
ones. Compared with Fig. 1(a), the grain is refined to some 
extent when only 0.1wt.% Mn is added, as shown in Fig. 2(a). 
When the Mn content is 0.35wt.%, the grain size, shown in Fig. 
2(c), is similar to that in Fig. 1(a). From the light-field images 
shown in Figs. 2(d) to (f) and Figs. 2(j) to (l), the coarse phases 
can not be found in the as-cast alloys until the Mn content 
reaches 0.7wt.%, and both the sizes and amounts of the coarse 
phases increase with increasing the Mn content to 0.9wt.% [Figs. 
2(k) and (l)]. In addition, the number of crystalline phases in 
the as-cast microstructures increases as the concentration of Mn 
rises. These crystalline phases are plate-like, round shape, fish-
bone shape and so on, and form an almost continuous network.
Johnsson et al. 
[9] showed that the growth restriction factor 
(GRF) of Mn is 0.1, and it is larger than that of high purity 
aluminum. Thus, although it is small, the minor Mn addition can 
still refine the as-cast grains to some extent. The solidification 
temperature of the alloy decreases with the increase of Mn 
content, according to the Al-Mn binary phase diagram, when 
the Mn content is less than 1.9wt.%. As a result, the superheat 
degree of the melt will be increased with the relatively high Mn 
content and the solidification time will be extended under the 
same casting conditions. These will help the growth of as-cast 
grains. Therefore, the refinement of Mn addition on the as-cast 
grains is determined by which aspect plays the leading role.
Figure 3 provides further information about the as-cast 
microstructure of the alloy with addition of 0.2wt.% Mn. 
There are several inter-metallic compounds in the α-Al inter-
dendritic regions, as shown in Fig. 3(a). So the addition 
Table 1: Addition amounts of Mn in the 
test alloys (wt.%)
          Alloys    Mn
No. 1 (base alloy)      0
          No. 2     0.1
          No. 3     0.2
          No. 4    0.35
          No. 5     0.5
          No. 6     0.7
          No. 7     0.9
Fig. 1: As-cast microstructure of the Al-Mg-Si-Cu-Cr-V alloy without Mn addition: Polarized light (a); Light-field image (b)
(by wt.%) was Al-1.6Mg-1.15Si-0.82Cu-0.15Cr-0.028Ti-
0.15V and the addition amounts of Mn to the base alloy are 
listed in Table 1. Commercial pure Al, Cu and Mg were used, 
the Si, Ti and V were introduced by addition of Al-23Si(wt.%), 
Al-40Ti(wt.%) and Al-4V(wt.%) master alloys respectively, 
and the Cr and Mn were added in the form of chromium and 
manganese tablets (containing 63wt.% Cr and 72wt.% Mn, 
respectively). The alloy was melted in a medium frequency 
induction furnace with a graphite crucible inside. The melt 
was degassed using hexachloroethane at 750 ℃ for 1 to 2 min, 
and then small amount of the refiner, Al-5Ti-B master alloy 
(0.001wt.%-0.005wt.%), was added. The Φ60 mm ingots were 
prepared at 750 ℃ after the slag was removed with a water-
cooled copper mould. The as-cast specimens with a size of 15 
mm × 15 mm × 15 mm for microstructural observations were 
cut from the center of ingots. Then they were mechanically 
polished, anodized and examined under polarized light. The 
other ingots were homogenized at 540 ℃ for 24 h; and then 
they were machined into Φ46 mm × 90 mm bars for hot 
extrusion. The Φ12 mm bars were produced at 430 ℃ by 
means of backward extrusion. The extrusion time was less than 
20 s. They were solid solution treated at 550 ℃ for 2 h and 
water-quenched to room temperature; then aged at 170 ℃ for 
24 h (T6) in an electrical resistance furnace. These as-extruded 
and extrusion+T6 bars were machined into the samples with a 
gauge diameter of 8 mm and a length of 45 mm for mechanical 
properties observation, and the tensile testing was carried out 
at room temperature using a CMT5105 universal test machine 
operating at a constant crosshead speed of 2 mm·min
-1. The 
microstructures of all kinds of samples were observed using 
the optical microscope, scanning electron microscopy (SEM), 
and energy dispersive X-ray microanalysis (EDS).
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Fig. 2: Optical microstructure of as-cast alloys with different additions of Mn contents: Polarized light (a) to (c) 
and (g) to (i); Light-field image (d) to (f) and (j) to (l)
of Mn leads to a complex combination of Cr and Mn. The 
EDS analysis results about Fig. 3(b) are indicated in Figs. 
3(c) to (e). A small amount of Al(FeMn)Si dispersoids with 
a typical round morphology have grown as separate phase 
in the inter-dendritic regions, at C point in Fig. 3(b). The 
Al(MnCr)Si and Al(FeMnCr)Si inter-metallic compounds 
at the grain boundaries [points D and E in Fig. 3(b)] are the 
dominant phases in the examined alloy in as-cast state. No 
dispersoids were found that contained only Cr but no Mn. It 
can be concluded that Cr precipitates are combined together 
with Mn as Al(FeMnCr)Si dispersoids. The EDS analysis 
shown in Fig. 3(e) indicates that the average composition 
of the Al(FeMnCr)Si phase is 69.56wt.% Al, 19.14wt.% 
(Fe+Mn+Cr), and 10.12wt.% Si, corresponding to a formula 
of Al8.5(FeMnCr)1.3Si. It is similar to the Al15(FeMn)3Si2 
reported in literature [10]. In addition, the fish-bone shaped 
phase must be Mg2Si, because its atomic ratio between Mg 
and Si is almost 2:1. Mg2Si phase is considered to be the main 
strengthening phase for the Al-Mg-Si-Cu alloy
 [8]. It can be 
concluded that some complex inter-metallic compounds are 
formed in the microstructures when minor amount of Mn is 
added to the Al-Mg-Si-Cu-Cr-V alloy. 
Figure 4 shows the EDS analysis results of the alloy with 
addition of 0.9wt.% Mn. Different from the alloy with 0.2wt.% 
Mn, a few coarse crystallization phases containing Mn and V, 
such as AlVMn and Al(VMn)Si with plate-like morphology, 
are found in the alloy, as shown in Figs. 4(e) and (f). So the 
addition of excess Mn will also lead to the complex combination 
of Mn, V and Si. Figure 4(c) shows that AlMnSi phases exist 
in the grain boundaries. The average composition of AlMnSi 
phase is 69.45wt.% Al, 20.95wt.% Mn, and 9.6wt.% Si, also 
corresponding to the formula of Al15(FeMn)3Si2 reported in 
literature [10], and it is similar to the one shown in Fig. 3(e). So 
these AlMnSi phases can be considered to be Al15Mn3Si2.
0.5wt.% Mn                                                                0.7wt.% Mn                                                                   0.9wt.% Mn
0.1wt.% Mn  0.2wt.% Mn 0.35wt.% Mn
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Fig. 3: SEM and EDS results of as-cast alloy with addition of 0.2wt.% Mn: (a) SEM images of the alloy; (b) 
Magnified images of the area b in (a); (c) to (e) EDS analysis results
Fig. 4: EDS analysis results of as-cast alloy with addition of 0.9 wt% Mn: SEM images (a); Magnified SEM 
images of area A in (a) (b); Magnified SEM images of area B in (a) (d); EDS analysis results of 
points C, E, F, respectively (c), (e) and (f) 
then drop down as the Mn content increases further. So the as-
extruded alloy with addition of 0.7wt.% Mn has the highest 
ultimate tensile strength of 244.8 MPa and yield strength of 
156.3 MPa; while the as-extruded alloy without Mn addition 
has the lowest ultimate tensile strength of 213.1 MPa and yield 
strength of 91.8 MPa. Therefore, addition of Mn can strengthen 
the as-extruded alloys when its content no more than 0.7wt.%.
Figure 6 shows the micrographs in the longitudinal direction 
of the as-extruded alloys with different Mn contents. Complex 
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2.2 Effect of Mn content on microstructure 
and mechanical properties of the alloy 
after extrusion 
Figure 5 illustrates the dependence of mechanical properties 
of as-extruded alloys on Mn content. It can be seen that the 
elongation shows unobvious change with the increase of Mn 
content. Both the ultimate tensile strength and the yield strength 
of the as-extruded alloy increase with the increment of Mn 
content until the concentration of Mn reaches 0.7wt.%, and 
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Fig. 5: Changes of mechanical properties of as-
extruded alloys vs. Mn contents
Fig. 7: SEM micrograph (longitudinal direction) and EDS analysis results of extruded alloy with 0.9wt.% 
Mn: SEM image (a); EDS analysis results (b) and (c)
process. They can also prohibit the movement of dislocations to 
some extent. As a result the tensile strength of as-extruded alloys 
will be improved. However, not all the Al(VMn)Si phases can be 
changed into small ones, so the coarse Al(VMn)Si phases with 
angular morphology in Fig. 6(c) and Fig. 7(a) will decrease the 
tensile strength of as-extruded alloy.
2.3  Effect of Mn content on microstructure 
and mechanical properties of 
extrusion+T6 state alloy 
Figure 8 shows the changes in the mechanical properties of the 
alloy with various Mn addition after extrusion+T6 treatment. 
Both the ultimate tensile strength and yield strength increase 
first and then decrease with the increase in Mn content, and 
reach their maximum values of 431.4 MPa and 372 MPa, 
Fig. 6: Microstructures of extrusions: 0wt.% Mn (a); 0.2wt.% Mn (b); 0.9wt.% Mn (c)
(a) (b)
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fibrous microstructures are found in these extruded alloys. This 
may be due to two reasons. One is the short extrusion time, the 
low extrusion temperature and the water quench after being 
extruded. These mean the extrusion microstructure has not enough 
time to finish the dynamic re-crystallization and meta-dynamic 
re-crystallization behavior. The other is the trace elements of V 
and Cr in the Al-Mg-Si-Cu-Cr-V alloys. These minor elements 
can seriously inhabit the re-crystallization in the hot deformation 
process. Further more, compared with the microstructures in Figs. 
6(a) and (b), more fine dispersoids as well as some coarse phases 
can be found in Fig. 6(c). A larger quantity of Mn was added 
into the alloy of Fig. 6(c), so the number of Mn phases increases 
as well. In order to identify the differences between the fine 
dispersoids and coarse phases, the SEM was performed for the as-
extruded alloy with addition of 0.9wt.% Mn as shown in Fig. 7.
Figure 7 shows the EDS analysis results of the dispersoid 
and coarse phase mentioned in Fig. 6(c). One is AlMnSi phase.
Based on the average composition, they are exactly the same 
phase in the grain boundaries of the as-cast alloy with addition 
of 0.9wt.% Mn shown in Fig. 4(c), i.e. Al15Mn3Si2 phase. 
The Al15Mn3Si2 phases were fractured into small size and 
rod morphology because of the extrusion effect. The other is 
Al(VMn)Si phase which evolved from the coarse phases with 
angular morphology as found in Fig. 4(d).
The AlMnSi phases are strengthening dispersoids because 
they can act as an obstacle to dislocation movement during 
deformation 
[4, 8]. Their quantities increase with an increase 
in Mn contents, thus their effects on inhibition of dislocation 
movements increase as well. In addition, some Al(VMn)Si 
phases will be fractured into small size during the extrusion 
(c)CHINA FOUNDRY
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Fig. 9: Microstructures of extrusion+T6 state alloys: 0wt.% Mn (a); 0.2wt.% Mn (b); 0.9wt.% Mn (c)
respectively when 0.2wt.% Mn is added. They are obviously 
improved compared with the alloy without Mn addition 
(ultimate tensile strength is 416.9 MPa, yield strength is 
360.8 MPa). This is because firstly, the dispersoids such 
as Al15(FeMn)3Si2, Al15Mn3Si2 and other phases containing 
Mn with uniform distributions and fine size can prohibit the 
movement of dislocation, enhance the shear stress which 
is helpful for dislocation sliding, and therefore strengthen 
the extrusion as a result. Secondly, these dispersoids will 
increase the amount of nucleation sites, meaning that more β′ 
precipitates will be heterogeneously nucleated on them. As a 
result, the original β′ precipitates will change into uniformly 
distributed small pieces, and these fine precipitated phases 
play an important role on the aging strengthening
 [4]. Thirdly, 
dispersoids are able to obstruct the growth of re-crystallization 
of the extruded alloy, and therefore the grain of the alloy is 
refined. The re-crystalization grain refinement is also very 
helpful to strengthen the extrusion+T6 treated alloy. The 
elongation shows an inconspicuous change when the Mn 
content is less than 0.5 wt.% and then it increases obviously 
from 14.1% to 17.8% with the increase in Mn content. 
Conversely, both the ultimate tensile strength and yield 
strength decrease largely when the Mn content is more than 0.5 
wt.%. It might be due to the coarse AlVMn and Al(VMn)Si 
phases, they will decrease the effect of V on the inhibition of 
re-crystallization and the movement of dislocation.
(a) (b) (c)
Figure 9 shows the micrographs in the longitudinal direction 
of the extrusion+T6 state alloy with different Mn contents. 
It is shown that the static re-crystallization process occurs in 
all the extrusion+T6 alloys. It means that Mn can not stop the 
nucleation of re-crystallization of these extrusion+T6 alloys. 
But some of these particles with a specific concentration of Mn 
can inhibit the re-crystallization by hindering the migration 
of grain boundaries to a certain degree. Figure 9(a) shows 
the microstructure of extrusion+T6 treated alloy without Mn 
addition. It shows that the recrystallized grains distribute in a 
long tabular belt, and their grain sizes are the largest. The large 
reduction in the re-crystallized grain size can be observed in 
Fig. 9(b), the alloy with 0.2wt.% Mn. Figure 9(c) shows the 
microstructure of the alloy with 0.9wt.% Mn, and the average 
re-crystallized grain size is similar to the one in Fig. 9(b). But 
the re-crystallized grains are less uniform than those of the 
alloy with 0.2wt.% Mn. The coarse AlVMn and Al(VMn)
Si phases can still be observed in the alloy with 0.9wt.% Mn. 
These refractory phases will seriously decrease the mechanical 
properties of the alloy. Moreover, since larger amounts of Mn 
will make it easier for V to combine with Mn to form coarse 
phases, the valid concentration of Mn will be decreased, and 
thus the effect of Mn on the inhibition of recovery and re-
crystallization will be subsequently reduced. In conclusion, 
the added Mn becomes most effective in preventing re-
crystallization when only 0.2wt.% Mn is added to the Al-
Mg-Si-Cu-Cr-V alloy. Too high an Mn content (≥ 0.7wt.%) 
will obviously decrease the strength of the extrusion+T6 state 
alloy.
3 Conclusions
(1) An appropriate amount of Mn content can obviously 
refine the as-cast grain of the Al-Mg-Si-Cu-Cr-V alloy, 
and this refinement reaches a maximum when 0.2wt.% 
Mn is added. This Mn exists in the alloy in the form of 
Al15(FeMn)3Si2 and Al15Mn3Si2 phases.
(2) An excessive Mn content, such as over 0.7wt.% Mn, will 
result in the coarsening of the as-cast grains by forming coarse 
refractory phases, which will be retained permanently during 
the subsequent extrusion and heat treatment.
(3) The coarse, stable and refractory phases, usually 
considered as AlVMn and Al(VMn)Si phases, are harmful to 
α-Al and the tensile properties of extrusions+T6 alloy because 
of their angular morphology. These phases will also decrease 
the effect of V on the inhibition of re-crystallization.
 Fig. 8: Changes of mechanical properties of 
extrusion+T6 alloy vs. Mn content355
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(4) The addition of 0.2wt.% Mn can obtain the best 
strengthening effect for the extrusion+T6 state Al-Mg-Si-Cu-
Cr-V alloy without badly damaging the plasticity at the same 
time (ultimate tensile strength is 431.4 MPa, yield strength is 
372 MPa and elongation 15.6%). 
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